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DIRECTIONAL DISCONTINUITIES IN THE

INTERPLANETARY MAGNETIC FIELD

Leonard F. Burlagal

ABSTRACT

It is shown that the interplanetary magnetic field has different characteris-
tics on different scales, and it is noted that a given physical theory may not be
applicable or relevant on all scales. Four scales are defined in terms of time
intervals on which the data may be viewed. Many discontinuities in the magnetic
field direction are seen on the mesoscale (4 days,~1 AU). The characteristics
of such directional discontinuities which were observed by Pioneer 6 during the
period December 16,1965—January 4,1966 are presented, with special emphasis
on their distribution in time. Previously, it was suggested that such discontin-
uities are simply boundaries of spaghetti~like filaments extending from the sun
to the earth. Here it is shown that on the mesoscale unique filaments with sharp
boundaries containing well-ordered magnetic fields are not always seen although
discontinuities are always present at~1 AU. Thus, the interplanetary medium
appears to be discontinuous rather than filamentary. The filamentary model im-
plies that discontinuities originate at the sun and are convected with the solar
wind. The discontinuous model allows the additional possibility that the discon-

tinuities form in the interplanetary medium far from the sun.
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1. INTRODUCTION

The existence of numerous discontinuities in the magnitude and the direction
of the interplanetary magnetic field was established by Ness et al. (1966). The
existence of marked and abrupt changes in the direction of anisotropy of low
energy (R10 MeV) solar protons was demonstrated by Bartley et al. (1966). A
strong correlation between the direction of anisotropy of low energy solar protons
and the magnetic field direction, shown by McCracken and Ness (1966), supports
the inference of Bartley et al. that discontinuities in the direction of anisotropy
are due to discontinuities in the magnetic field direction. Observations of nu-
merous discontinuities during the early days of the flight of Pioneer 6 have led
all of the above authors to suggest that the interplanetary medium consists of
numerous identifiable filaments.

They describe a filament as a cylindrical flux tube which has a diameter
~(.5 — 4) x 105 km and which extends from the sun to the earth; boundaries of
filaments are assumed to be distinct, and the filaments are assumed to be inter-
twined and twisted like pieces of spaghetti. The observation of a discontinuity
in magnetic field magnitude direction or intensity is said to indicate the passage
from one filament to another.

Further observations by Pioneer 6 also show numerous discontinuities, so it

appears that discontinuities are a fundamental feature of the interplanetary

medium, during this period near solar minimum. However, the existence of an

ensemble of filamentary tubes with distinct boundaries enclosing well-ordered




magnetic field lines is not always clearly demonstrated by these data as we
shall show below.

Discontinuities in the direction of the magnetic field are more frequent than
discontinuities in the magnitude of the field, so they are of special interest with
regard to the structure of the interplanetary medium. Burlaga and Ness (1968)
and Burlaga (1968) have studied some characteristics of a small set of particu-
larly clear, isolated directional discontinuities, where a directional discontinuity
was defined as a change in the field direction >30° which occurs in less than 30
seconds. They found that, 1) the change in the field direction tends to be small,
2) there is a preferred direction associated with the discontinuities, 3) the mag-
nitude of the magnetic field does not change appreciably across most directional
discontinuities, and 4) the plasma parameters usually do not change significantly
across the directional discontinuities.

In this paper the study of directional discontinuities is continued with special
emphasis on their distribution in time. The significance of this distribution with
regard to the structure of the interplanetary medium is also discussed. The
results are based on Pioneer 6 data which were obtained with a fluxgate magne-
tometer that is described by Ness et al. (1966). Data for the interval December 16,
1965—January 4, 1966 are presented. During this interval, the spacecraft moved
from the earth to a distance ~3 x 10® km in a direction normal to the earth-sun

line.



2. SCALE

Since Pioneer 6 magnetic field measurements were transmitted at intervals
of 1.5 seconds at the highest bit rate and continued for several months, it is
possible to look at the data on a variety of scales spanning seven decades in time
(10 sec to 107 sec). Different characteristics of directional discontinuities are
seen on different scales. In this section, the subject of scale is discussed and
four useful scales are defined.

Figure 1 shows a large scale view of the interplanetary magnetic field.
Hourly averages of the Pioneer 6 magnetic field vector data are plotted for the
20-day interval December 16, 1965—January 4, 1966. The top graph shows the
magnetic field intensity and the lower graphs in Figure 1 show the magnetic field
direction in solar ecliptic coordinates, ¢ being the direction measured in the
ecliptic plane with respect to the earth-sun line, and ¢ being the direction above
(+) or below (-) the ecliptic plane. Certain large scale features are evident in
Figure 1: The tendency for the field to be directed in the ecliptic plane; the
tendency to be aligned near the spiral direction (¢ ~ 130° and ¢ ~ 310°); the
sector structure (B directed away from the sun in the intervals December 16—
December 21 and December 26—dJanuary 2,B directed toward the sun in the
intervals December 12—December 24 and January 2—January 4) the average
intensity of 4y. On this scale one might speak of an average field on which fluctu-
ations are superimposed.

On a smaller scale, however, the interplanetary magnetic field looks very
different. This is illustrated in Figure 2, which shows lgl , 0 and ¢ for the 24
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hour interval on December 19, 1965. The scale differs from that in Figure 1 by
a factor of 10, Numerous discontinuities can be seen in Figure 2. These are
the discontinuities which are referred to in the introduction. Particularly notable
discontinuities can be seen at 0500, 0900 and 1600 UT in Figure 2, but many
other abrupt changes are evident. Fluctuations in the field can also be seen.
Note that there are larger fluctuations and more discontinuities during the first
third of the day than during the last third. This illustrates the general observa-
tion that on this scale the interplanetary medium is inhomogeneous and it is dif-
ficult to select a given period which is typical. Variability on a scale of a few
days is evident in Figure 1. Some 'filaments' can be seen in Figure 2; for ex-
ample, a large filament can be seen in the interval 0300-0600 UT and a smaller
filament in the interval between 1500 and 1600 UT. On the other hand, there are
intervals when filaments cannot be seen, e.g., 1800-2100 UT.

On a smaller scale of an hour, large discontinuities are seen more clearly,
very small discontinuities become visible, and fluctuations afe generally less
evident. Figure 3 shows three 1-hour intervals from the period in Figure 2.
During the interval 2000-2100 UT, the field direction was very uniform, but a
small discontinuity can be seen at 2027 UT and a small gradient appears near
2050 UT. During the interval 1500-1600 UT, a large discontinuity can be seen
at 1539 UT (the magnetic field direction changes by nearly 90°) and a large
grad_ient appears between 1550 UT and 1600 UT. The concepts of turbulence or

randomness seem inappropriate for the fields in Figure 2b and 2c. The interval



between 0500 UT and 0600 UT in Figure 2a contains two notable discontinuities
and the ¢ direction of the field varies through 170° while the & component is con-
stant within ~30°. Discontinuities in the field direction (>30° in less than 30 sec)
can be seen, and appear distinct from the smaller fluctuations and gradients.
These are the directional discontinuities which are the subject of this paper.
Since Pioneer 6 measures B at 1.5 sec intervals, it is possible to view these
data on a scale of 30 sec. On this scale, most of the directional discontinuities
still look discontinuous, but some have a structure which can be observed as
shown in Figure 4. Discontinuities on this scale are discussed in an important
paper by Siscoe et al. (1968) which is based on Mariner 4 observations during
1964. In general, the term discontinuity is inappropriate on this scale, so Siscoe
et al. have introduced the term '"'current sheet' because it is a current sheet
which maintains the field change. An analysis of wide (10 sec) current sheets
showed that the field tends to change directions by rotating in a plane as one
would expect for a hydromagnetic tangential discontinuity (Colburn and Sonett,
1966). This is the situation shown in Figure 4. Such rotation fans are relatively
rare, however. The thickness distribution observed by Siscoe et al., shows that
roughly 50% of the transitions in the duration range 0-5 minutes had durations
<14 sec, and 10% with durations <5 minutes had durations <2 seconds. Thus, on
a scale of one hour, current sheets can be considered to have zero thickness and
directional discontinuities can be considered to be true discontinuities in the

sense of hydromagnetic theory.



The above discussion of Figures 1-4 shows that different structures can be
seen in the interplanetary medium when it is viewed on different scales. The
difference is not just one of appearance, for different theories must be applied
on the various scales. Parker (1963) has shown that an aerodynamic theory will
explain the very large scale features of the interplanetary medium. Burlaga
(1968) has shown that magnetohydrodynamics is applicable on a scale of an hour
or less. Plasma kinetic theory should be used on the smallest scale of seconds
or less because the dimensions become comparable to the proton gyroradius.
The concept of scale size is important and Burlaga and Ness (1967) have intro-
duced the terms macroscale, mesoscale and microscale for scales on the order
of 1 year (104 hour), 4 days (102 hour), and one hour, respectively. This de-
finition is illustrated in Figure 5 where a fourth scale, the kinetic scale (10~ 2
hour), is introduced. Since the interplanetary plasma is convected at a speed of
400 km/sec. near the earth, it is possible to convert the time scale to a dis-
tance scale. Thus the macroscale, 103 - 104 hour, corresponds to 10 - 102 AU,
the mesoscale corresponds to 1 AU, the microscale corresponds to 1072 AU,
and the kinetic scale corresponds to 10 "4 AU or 1.5 x 104 km. Figure 5 also
shows a characteristic frequency associated with each scale. This is simply
the reciprocal of the characteristic time. The characteristic energy in Figure 5
is the energy of a proton whose gyroradius in a 5y field is equal to the scale
length. The sectors, spiral structure, and randomness in Figure 1 are macro-

scale phenomena, The structure behind interplanetary shock waves, which we



shall not discuss, and the distribution of discontinuities between the earth and
sun (previously referred to as the 'filamentary' structure) are mesoscale
phenomena. Tangential discontinuities, D-sheets, and waves can be seen on the
microscale. Kinetic scale structures are such features as current sheets and

hydromagnetic shocks.

3. DISTRIBUTION OF DIRECTIONAL DISCONTINUITIES

A, Definition of a Directional Discontinuity

Microscale discontinuities in the direction of the interplanetary magnetic field
are shown in Figure 3. It is obvious that an analysis of the distribution of such
discontinuities requires a clear definition of a discontinuity. Moreover, in order
to scan the large amount of data which is available, this must be a quantitative
definition which can be programmed for a computer. We shall define a direc-
tional discontinuity in terms of the 30 sec averages of the Pioneer 6 measurements.
The procedure is as follows:

1) A pair of successive 30 sec average data points (¢,, ;) and (b,, 0,) is

selected, and the angle « between the two corresponding magnetic field

vectors is computed from the equation
cosw = cos@l cos@2cos (¢1—¢2) + sin@lsin@2 (1)

I w <30° the process is repeated for the next pair of data points. This
continues until a pair is found for which « >30°. Such a pair is isolated
for further analysis, and the process continues throughout a specified

time interval until all such discontinuities have been isolated.
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Next, w is recomputed by the following method. Consider a discontinuity
between successive 30 sec averages A and B. An average of ¢ and 0 is
computed for the two points preceding A and for the two points following

B, i.e.,

(SartBaa)f2 0 By = (Fan * )2

5
"

|
"

D!
I

1 (HA—I * QA—z)/Q ’ 2 (5B+1+ 95+2 )/2 ; 2)

then « is computed by substituting these averages into BFquation 1. Dis-
continuities are rejected if w <30°, This procedure eliminates noise
points and highly disturbed regions. Approximately 30% of the discon-

tinuities from Step 1 are eliminated by this procedure.

The discontinuities obtained by Step 1 fall into several classes which are
illustrated in Figure 6. The singles are most common and are most
nearly consistent with the intuitive picture of a discontinuity. A single

is simply a 30° change in field direction which occurs in 30 seconds and
which is not preceded or followed by another discontinuity within 2
minutes. Approximately 20% of the discontinuities obtained in Step 1
occur in pairs, i.e., two discontinuities occur separated by a 30 second
interval. Such doubles, illustrated in Figure 6, can be considered as a
single discontinuity. A double would be seen if a true discontinuity oc-
curred during a 30 second average of the field quantities. Thus, we shall

regard both singles and doubles as true discontinuities. Note that the
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method of computing @ by using (1) and (2) gives two values of w for a
double: one computed from the ovals in Figure 6 and one from the squares.
These two values of @ for a double are usually found to be equal within

15°; if they are not, the double is rejected. Triples (see Figure 6) and
higher multiples are also observed, but they are rare; less than 5% of the
discontinuities obtained in Step 1 are multiples. A multiple could be the
result of several closely spaced discontinuities or a large gradient.
Multiples are eliminated from the set of discontinuities obtained in

Step 1. We also disregard discontinuities which are separated by an
interval of less than 2 minutes; this eliminates another 5% of the discon-

tinuities from Step 1.

4) As a final check, these discontinuities are individually inspected in
microscale plots, and ambiguous discontinuities are eliminated. This
subjective procedure eliminates only 10% of the discontinuities, so it
does not introduce an appreciable error.

The result of applying the procedure in the 4 above steps is a set of direc-
tional discontinuities. Figure 7 illustrates the variety of discontinuities obtained
by this procedure. Time is given on the horizontal scale; each of the points in
this Figure is a 30 second average. The case @ = 154° shows a particularly
clear discontinuity. The cases w = 35° w = 43° and w = 47° are more typical;
there are variations in the field direction on either side of the discontinuity, but

the discontinuity does stand out clearly in each case. The cases w = 109° and



12

@ = 95° each show a large discontinuity marked by a dashed line and a discon-
tinuity with @ < 30° which is not marked; discontinuities with » <30° are not un-
common, but they are not considered here because it is frequently difficult to
separate them from fluctuations and noise. The cases «» = 120° and » = 95° il-
lustrate accepted discontinuities which are marginal in terms of the definition
which was given above.

B. Time Distribution of Directional Discontinuities

The procedure described above has been applied to identify directional dis-
continuities which passed the Pioneer 6 spacecraft during the interval Decem-
ber 16, 1965—January 4, 1966. The results are shown in Figure 8 where each
discontinuity is indicated by a line whose height is equal to w and whose position
on the abscissa gives the time at which the discontinuity was observed. Five
graphs are shown in Figure 8, each having a time scale of four days, Thus, as-
suming a 400 km/sec solar wind, the length of the abscissa in each graph cor-
responds to a characteristic length of 1 AU. The shaded area in these graphs
represent intervals for which high time resolution data are not available, A
number of interesting qualitative results can be seen immediately from Figure 8.

1) Discontinuities are present throughout the 20-day period.

2) There are ''quiet' days with 10 discontinuities per day (e.g., day 351)

and there are ''disturbed' days with ~50 discontinuities per day (e.g.,
day 363).
3) Most discontinuities have @ <90°, but there are several discontinuities

with @ >135°.
10
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4) There is a tendency for discontinuities to occur in clusters consisting
of several discontinuities per hour, and there are intervals up to several
hours which contain no directional discontinuities.

We shall now examine points 1-4 in detail.

Consider the distribution of the discontinuities in Figure 8 as a function of
w. This distribution was obtained by simply counting the number of discontin-
uities which fell in the intervals 30° < w <60°, 60° < £90°, etc., The result is
shown in Figure 9, It is evident that the number of discontinuities falls off
rapidly as a function of @. In fact, the distribution can be fitted by the function
e=@/75% % This function is empirical and somewhat arbitrary, but it is inter-
esting that this is the same function which Burlaga and Ness (1968) used to fit
the corresponding distribution for a different set of directional discontinuities.
This set consists of 76 clear discontinuities which were selected from ~2500
hours of data for the period Decemberx 16, 1965 to June 1966; the definition of
these discontinuities was somewhat different than that used in this paper. The
fact that the same function fits dN/dw for these discontinuities as well as the dis-
continuities in Figure 8 suggests that the distribution is not sensitive to details
of the definition of a directional discontinuity and that the distribution is repre-
sentative of average conditions during the first half of 1966. An extrapolation of
the distribution in Figure 9 suggests that there are numerous discontinuities
with & £30°, so the density of discontinuities may be much higher than appears

in Figure 8 which shows only discontinuities with @ > 30°,

11
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Let us return to the time distribution of the discontinuities in Figure 8.
Since discontinuities with @ < 30° cannot always be identified, the time distribu-
tion of all discontinuities cannot be computed. Therefore, the discontinuities
were divided into four sets—30° <@ £60°, 60° < w <90°, 90° < w £120°, 120° < w
<£150°—and the distribution was computed for each set. For example, consider
the set 30°<w <60°. Discontinuities in this set were isolated, and the time in-
tervals AT, between successive discontinuities were computed. The distribution
of these intervals was then determined by simply counting the number of intervals
with 0 < AT, < .04 days, .04 < AT, <.08, etc. The same procedure was repeated
for the other sets of discontinuities using different intervals for the AT scale.
The resulting distributions are shown in Figure 10. Most notable is the ap-
proximately exponential dependence of the number of intervals as a function of
AT with most discontinuities tending to be separated by a relatively small in-
terval. The clustering in Figure 8, which was noted earlier, is simply a mani-
festation of this exponential dependence. The form of the distributions is what
would be expected if discontinuities occur with a Poisson distribution. The
decreasing amplitudes and the smaller slopes of the curves for larger » in
Figure 10 are a consequence of the distribution shown in Figure 9. From the
curves in Figure 10, it is possible to compute the mean time separation of
the discontinuities in each set. Assuming that the discontinuities are con-
vected past the spacecraft at X400 km/sec., a mean spatial separation can be

computed for the discontinuities in each set. These separations are shown in
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Figure 11. The most abundant discontinuities (30° < @ <60°) have a mean separ-
ation ~,02 AU. Larger discontinuities (120° < @ £150°) are separated by ~.1 AU.

These numbers are means for the 20 day interval shown in Figure 8.

C. Other Characteristics of Directional Discontinuities

Let B, be the magnetic field intensity just before a directional discontinuity
arrives at the spacecraft, and let B, be the magnetic field intensity just after
the discontinuity passes the spacecraft. It is of interest to know how B, and B,
are related. The quantity (B, —B2)/ max (B,, B,) was computed for each of the
discontinuities in Figure 8 and the distribution of these quantities was determined.
The result is shown in Figure 12, It is evident that for most discontinuities
B, ¥ B, i.e., the magnetic field intensity usually does not change across a di-
rectional discontinuity. Only for ¥25% of the discontinuities does the magnetic
field intensity change by more than 20%.

For each directional discontinuity, it is possible to define a direction
B, x 52/ (B,xB,), where B, and B , are the magnetic field vectors before and after
a discontinuity. If a directional discontinuity is a tangential discontinuity, this
direction is normal to the plane of the discontinuity. The distribution of such
vectors which was computed for the discontinuities in Figure 8 is shown in Fig-
ure 13. The distributions in this figure were computed by putting all of the
vectors in their proper orientations at the origin of a unit sphere and computing

the density of the points which were determined by the intersections of these

vectors with the surface of the sphere. The left side of Figure 13 shows the
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density, integrated over ¢, as a function of €. The right side shows the density,
integrated ovei' g, as a function of ¢. The radius of each sector in Figure 13 is
proportional to the density for that interval. Note that the ecliptic plane com-
ponents of B, x B, tend to be perpendicular to the macroscale spiral direction.
Also, note the strong tendency to be directed away from the ecliptic plane. The
bilateral symmetry of the distributions in Figure 13 and in Figure 12 expresses
a statistical equivalence between B, and B,

D. Relation Between Discontinuities and ZKp

It was noted that Figure 8 shows ''quiet" periods with few discontinuities,
and "'disturbed' periods with a high density of discontinuities. It is natural to
ask whether such periods are related to quiet and disturbed geomagnetic con-
ditions as indicated by >3Kp. This is answered in Figure 14 where the number of
discontinuities for each of the days in Figure 8 is plotted versus SKp for the
corresponding days. The dots indicate that the data for that day were complete.
Crosses indicate days with data gaps. For a day with incomplete data a density
of discontinuities (number per hour) was computed, and the number of discon-
tinuities for that day was taken to be this density times 24 hours. No attempt
was made to correct for the separation between the earth and the spacecraft,
which increased from essentially zero to 3 x 10 km during the period in ques-
tion and may imply a time lag up to ~2 hr (Ness, 1966). Figure 8 shows that
there tends to be more discontinuities during geomagnetic disturbed times. Of

course, this does not imply a causal relation.
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4, FILAMENTS AND FLUX TUBES

It has already been noted, in connection with Figures 2 and 3, that the two
outstanding characteristics of the microscale interplanetary magnetic field are
the existence of numerous discontinuities with a mean separation on the order
of an hour and the common occurrence of intervals up to an hour or more during
which the field direction is nearly constant. These characteristics can also be
seen in Figure 15 and 16, which show a quiet and disturbed period, respectively.
During the quiet interval, there are few directional discontinuities and the field
direction generally changes relatively slowly on a scale of one hour. During the
disturbed interval (Figure 16), there are numerous discontinuities (24/(20 hour))
and the field direction often changes by more than 60° in an hour; but even here
there are intervals during which the field direction remains relatively constant.
The discontinuity at 0610 UT is identified as a shock, since it was associated with
a sudden-commencement at the earth. These two antithetical microscale
components—the directional discontinuities, which were discussed in detail
above, and intervals of rather constant field direction, which will be quantitatively
discussed in a subsequent paper—combine to present a picture of the interplane-
tary medium which is markedly different from the '"turbulent' macroscopic
picture. The precise manner in which these two elements combine to form the
mesostructure is a subject of considerable interest, which we shall discuss

briefly.
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The earliest suggestion was that one could think of pairs of directional
discontinuities between which the field was uniform and slowly varying (see the
Introduction). One such aggregate was called a filament, and the mesoscale
interplanetary magnetic field was considered to consist of a collection of inter-
twined filaments. The filamentary concept correctly emphasizes the two basic
components of the field, but the general picture that it suggests can be very
misleading. For example, where are the filaments in Figure 15? The question
cannot be answered precisely for two reasons: 1) not all discontinuities can be
identified because fluctuations are present, which can make it difficult to un-
ambiguously pick out discontinuities; 2) the field direction is not always nearly
constant between discontinuities. To put it another way, an assembly of fila-
ments would imply that the field directions in Figures 15 and 16 could be repre-
sented by a series of step functions, but such a fit is not a good approximation,
and a unique fit of this kind is not pessible. Thus the concept of an aggregate of
filaments should be used with caution. Rather than think in terms of filamentary
tubes, implying an ensemble of pairs of discontinuities, it would be better to
think of an ensemble of discontinuities themselves. Thus, it would be more ap-

propriate to think of the interplanetary medium as discontinuous rather than

filamentary. The discontinuities are embedded in a varietal medium in which
the magnetic field direction usually changes slowly on a scale of one hour, but
large gradients and fluctuations may also be seen, especially during disturbed

fimes.
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In the qualitative model which was just proposed, filamentary tubes are not
considered to be fundamental to the overall structure of the interplanetary
medium. However, it is sometimes convenient to think of flux tubes, which are
purely imaginary and have arbitrary boundaries. The concept of a flux-tube is
based on that of a line of magnetic force. The boundary of a flux-tube is every-
where tangent to lines of force. The cross-sectional area of a flux-tube is
arbitrary, and may range from the area enclosed by a low energy gyrating elec-
tron to that enclosed by a sector (Wilcox and Ness, 1966); it is most convenient
to choose an area over which the field direction is essentially constant.

It is important to distinguish between flux-tubes and filaments. When a
directional discontinuity passes the spacecraft, it is correct to say that the
spacecraft sees one flux-tube and the other with a different orientation, but it
is not always true that the spacecraft passes from one filament to another, for
discontinuities can exist where filaments cannot be seen. Of course, two-flux

tubes need not be separated by a discontinuity in B.

5. SUMMARY

Discontinuities in the direction of the interplanetary magnetic field were
observed by the deep-space probe, Pioneer 6 during the period December 16,
1965—January 4, 1966. Individual discontinuities can be seen when viewed on
the microscale (*1 hour .01 AU) and numerous discontinuities can be seen on
the mesoscale (¢4 days ¥ AU). They are not observed on the macroscale (¥

year) and sometimes appear to be broad on the kinetic scale (.5 min). The
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directional discontinuities have a mean separation of approximately one hour,
but there are days which the number of discontinuities is a factor of two greater
or smaller. The number of discontinuities per day tends to increase with >Kp.
The distribution of time intervals between directional discontinuities is ap-
proximately exponential, the small intervals being most probable.

Let B, and B, be the magnetic field vectors just before and after a dis-
continuity. The distribution of discontinuities as a function of w, where « is the
angle between B, and B,, is proportional to exp [-— («/ 7S°)2} . The magnitude of
the field usually does not change appreciably across a directional discontinuity;
the change in |']§j is less than 20% for 75% of the discontinuities. The vectors
]31 x §2 tend to be directed out of the ecliptic plane and normal to the spiral di-
rection. These distributions for the period December 16, 1965—January 4, 1966
are very similar to those which were found for a smaller set of discontinuities
which were selected from the interval December 16, 1965—June 1966.

Directional discontinuities do not always form boundaries of filaments. In
fact, it is shown that filaments are often difficult to identify and that the picture
of an assembly of adjacent filaments does not adequately describe the inter-
planetary magnetic field. The interplanetary medium should be regarded as
discontinuous rather than filamentary.

The origin of directional discontinuities is not yet known. The model of
twisted filaments implies that the discontinuities originate at the sun. The model
of a discontinuous medium at ~*1 AU allows the possibility that discontinuities

develop in the interplanetary medium.

18



21

ACKNOWLEDGMENTS
The magnetic field data for this study were provided by Dr. Ness. I wish
to acknowledge many fruitful discussions with Dr. Ness, and I thank Drs. D. H.

Fairfield and K. W. Ogilvie for many helpful comments concerning the manuscript.

19




22

REFERENCES
Bartley, W. C., Bukata, R. P., McCracken, K. G. and Rao, J. R.: 1966, Aniso-

tropic Cosmic Radiation Fluxes of Solar Origin, J. Geophys. Res., 71, 3297.

Burlaga, L. F.: 1968, Microscale Structures in the Interplanetary Medium,

Solar Physics (in press).

Burlaga, L. F. and Ness, N. F.: 1968, Macro and Micro Structure of the Inter-

planetary Magnetic Field, Can. J. Phys., (in press).

Colburn, D. S. and Sonett, C. P.: 1966, Discontinuities in the Solar Wind, Space
Sci. Rev. 5, 439~506.
McCracken, K. G. and Ness, N. F.: 1966, The Collimation of Cosmic Rays by

the Interplanetary Magnetic Field, J. Geophys. Res., 71, 3315.

Ness, N. F.: 1966, Simultaneous Measurements of the Interplanetary Magnetic

Field, J. Geophys. Res., 71, 3319.

Ness, N. F., Scearce, C. S., and Cantarano, S.: 1966, Preliminary Results from

the Pioneer 6 Magnetic Field Experiment, J. Geophys. Res., 71, 3305.

Parker, E. N.: 1963, Interplanetary Dynamical Processes, Interscience Pub-
lishers, New York.

Siscoe, G. L., Davis, Jr., L., Coleman, Jr., P. J., Smith, E. J. and Jones, D. E.:
1968, Power Spectra and Discontinuities of the Interplanetary Magnetic Field:

Mariner 4, J. Geophys. Res., 73, 61.

Wilcox, J. M. and Ness, N, F.: 1966, Quasi-Stationary Corotating Structure in

the Interplanetary Medium, J. Geophys. Res., 70, 5793.

20



*sjuauodwod sbpiaap wosy vot._a
-wod ‘siod9A p|a1} di4eubow ayy jo seypuipiood duidide Ipjos ayy aio sydoib 13M0| By} ul ¢ pup g sa|bup ay] -sjusuodwod painspaw
sy jo sabpiaap 3y} jo saionbs au4 jo wns a3y} jo joos aionbs ayy m:_v_E 3 vaanu 813M SIN|DA I9MO| By} .mmv::cmoE buibpiaap Aq
paindwos aiam san|pa 18bip| ay; !Ayisuajul pjaiy ditsubow ayy jo sjojd omi smoys ydoiB doj sy '994| ‘v Asonuor~G94( ‘9L laquiada(]
polsad ayj Buiunp 9 1ssuoig Aq painspbsw pleiy dysubow Aipjsupjdisjur ayj jo sebossap Aoy Buimoys jo|d sjodsoscow y | 2.nbig

9961 AMYNNYI G961 ¥38W3J3a

¢ I 0¢ 82 92 ve 2z 0z 81 91
_ ; T T T T T T T T T T T T

“ i ﬁ —_— ~ if —.061
[ i = {

] T e

o~
—
=
o
Q
(el

e e R T

gL (L)]g

%
Y
§
=
=N
{_L
sz‘:r-
=

61

21



‘] @61 yiim atodwony -uol}dauIp p|oly 4UDiSUOD A|IDBU jo spolsad 9y} pup s3141NUIUOISIP snoJswnu ayy ajoN 3bosasp
29s )f YoD3 Joj UOHDIASP pippupis ayi pup ‘(g apnyibuoj ‘P apniiio]) uolydaiip plaly o14aubpw ‘Ayisuayul piaty oi4aubouw suo sjo|d ayy
woyjoq o) doj woi4 ‘G94| ‘6] 1oqueda( Joj awl} o UoidUNY D SD plaly d1aubdw o sabpiaap 295 Of Buimoys jo|d s|pososaw y ‘g 3.nbig

00¥2 002¢ 0002 008! 009! 00%| 002! 000! 0080 0090 00¥0 0020 0000
I

NOILYIASG QUUONULS 40 39843AY
WL T |

T T I T T T 1 T T I T T T T | T

JholoO
| T

oommohozm
T T T T T T T T T T T T J 1 ] T T T T T T T T

006 0L 06- Hl
T T T T T T I T T I T 1 T T T ! T T T T T I T

ﬂ
-
|

WNOH/HINI 0°1 €SE ABQ  [A HIINOIJ €04 9 91-0 4

22



‘aboiaAp 29s g D s1 jutod Yyong -z 94nbig ul sjpAsajul 231y} jo syojd ajpdsodIW g aunbig

0 (@) (e}
00lz 0S0z Ov0Z OE0Z 0202 0102 0002 0091 0SST  OvG1 O0ESL  02G1  OIST  00ST  1N009 0560 O¥SO OES0 0250 OIS0 0050
_ T T _ T 08 _ T T T 1 T T _ T «08
0 8 e 0§ [ OV~ 0 8
J aman Vo SR ) S [ PO, o a
08 = .08 208
T T T T T 70 T T T T 10 T T T T 0
———— —.021 . Jl’l. P S e, ..\J .0C1 s \s.\.. .r\.\.). .o.;l{.ll l.lcl\.T({. l1 <021 s
4 . d * 4
—1.0¥2 —.0¥2 — oO#N
J.00¢ L09€ o098
T T T T T 0 T _ _ T 0 T T T T T e
Y8 e Y (SR it PT T sa.‘l.:..\..r\\l\coog}a -, 1AL
Vol ™ e’
L e ] i 1
8 8 8

23



"aJay uaas aq upd> ¢ anbig ur Ajinuijuodsip b Jo dinyonus Y|
"S|DAJSJUI D35 G| 4D 9ID Syulod g @inbi4 uy [pAIsjuL UD jo jojd B|pds dijauly Cp 3unbiy

€GE AVA
6€G1 8EGT
"03S 61 01 ] 09 GG 0S 14 ov GE 0€ G¢

_ I T e 1 T _ I I T ov-




"PeiDdIpuUl 9UD SI|DIS SNOLIDA
9Yi UOC UBAS 3D YdIym saunonays swog "yibus| ajpds ayy o4 |pnba st pjsiy LG b ut snippiosAB asoym uojoud b jo
3 ABisus ayi s| umoys os|y ‘bijdads 1amod Jo sUOISSNDSIP Ul |NY3SN S| SIY4 !} Jo |pdoId1d8l 3y} s1 ‘) ‘Aduanbaiy
"das /w0y ‘paads puim upjos |pd1dA4 b Aq awiy ayy Buik|dijjnw Aq ] a|pos yibua| b o4 pajsaAauod s1 } 3]s swiy
8Y] ‘pPamMdIA 8q UDD DIDP YJIYm UO S|DAJBIU] BWI} BY} JO SWIB} U] PaUlsp 84D SB|DIS INO4 "S3|DIG G aunbiy

A———xom:lv ..lll)l\ll‘llll\l/l\llJ llﬁcﬂm¢.v
9- A3 Q¢ ¢ b
T 1 FWOS-OILIN | TNSes inzawn T T
P-TAINI i Nno_xm..?cmwwuﬂ

31V3S-040IN mw.m.p:mzu_uw%ma
-+ + - -+ -+
v SIAVM
2-trag| y-01X€L(1u1=)0
T T 37vIS-0S3N S3Ava 1Sv4 + T
A:<=O....%MQN @lo_xn.law»ch.s
J4NLINYLS
T 1 3VIS-0¥OVW -vdlds 1 T
S40103S
2T 1 —— g 0Ixe4-(h15)p

(hv)101607 3 (1-85)4 (14)19'607

25



.OmO_U
3

oo} pawus} a0 Asyj ‘ulw g udyy ss3| AqQ paspipdas 24D SBIHINUILUODSIP OME 4| “ OF < ™ YHM sabuoy> aAlssedons ¢ Aq pazi4a}dpioyd s!
a|diyy y "D pup g usamiaq QOf < @ Aq uiobo pup g pup y Usamiaq ,(0F < ™ Aq sabupoy> ™ ‘s|qnop o 104 G pup W ajndwos o} pasn aip

yotym squtod ayj yow s|pA0 BY) 235 OF Ul 0 < @ Aq sabuby> uo1}2a11p pjaty di4aubow ayy

oy _.._UDm qd _UCU v COO?#O& OmED_.._U Q TCU

¢ ‘o|Buis b Jo4 ‘¢ 10 jo 9boidAD 235 O D sjuasaidas juiod Yoog “A4INUIUOISIP [PUOLIDIIIP D JO UOLIUIAP BYi Bunjpysn||| "9 2By

380719 00l

¢ I I
| _
_ _....
\}
......_ _

31d1dl

g T T1
__m_«ooo
__o" 2]
_o“ _ do
gl $
e0oo0ocool __
L
J19NIS
¢ I
v

26




280° ———

240° rnf~J
200°
160°
120°+
80°F

)
‘.*Q*. ﬂ

T

o

w=109°

w=120°

Figure 7. Examples of directional discontinuities.

27



-sdpB DyDp PaIDOIpUl SDIID PAPOYG ‘POAISSGO SDM §I YDIym D 3wl ay) soA1B aul| D jo uorpisod sy} ‘A}INUIUODISIP D SSOJD g jo ebuoy>
1o|nBup sy} ‘™ saAlb aul| Yopa jo Jyblay ay) "SIN4INUIJUCDISIP [DUOIIDRUIP § Je3udlg jo Uolinqlustp apnjiubow pup awi) ‘g aanbig

1 AVQ

UL

29¢ AVQ

BILL |

o

YT ETETEWE S TN

_=_ ) ____w_r.c____

ARRRLRRARRGY

14 g a1l

| LN

SASSSNRRY

o
(=4
(-2

-eGEl

3¢ Ave

1

1

09¢ Avd

L1 ) ) |

by a1l

|

!

__;__________

|

__

_____

UL

+08I

o0

5414
«06
oG¢l

~
el

L=
o

-

—

——

ALLLLLLLLLY

08I

IS¢ AVQ

brtag el

111114

____ _ Il

I

F-———-—=-1

S3ILINNILNOJSIA TYNOILI3YIQ XIS Y3I3NOId

28



NUMBER OF DiSCONTINUITIES

300~

365 (65) -5(66)

_(w_\?
200 |- 406 X e (759

\

N

O° 30° 60° 90° 120° 150° 180°
w
Figure 9. Distribution of the directional discontinuities in Figure 8 as a function of w.
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Figure 12. Distribution of changes in |§| across the directional discontinuities in Figure 8.
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